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Microplasma generation using microwaves in an electromagnetically induced transparency (EIT)-like meta-
surface composed of two types of radiatively coupled cut-wire resonators with slightly different resonance
frequencies is investigated. Microplasma is generated in either of the gaps of the cut-wire resonators as a
result of strong enhancement of the local electric field associated with resonance and slow microwave effect.
The threshold microwave power for plasma ignition is found to reach a minimum at the EIT-like transmission
peak frequency, where the group index is maximized. A pump–probe measurement of the metasurface reveals
that the transmission properties can be significantly varied by varying the properties of the generated mi-
croplasma near the EIT-like transmission peak frequency and the resonance frequency. The electron density
of the microplasma is roughly estimated to be of order 1 × 1010 cm−3 for a pump power of 15.8W by com-
paring the measured transmission spectrum for the probe wave with the numerically calculated spectrum. In
the calculation, we assumed that the plasma is uniformly generated in the resonator gap, that the electron
temperature is 2 eV, and that the elastic scattering cross section is 20× 10−16 cm2.
I. INTRODUCTION
Plasma generation using high-frequency electromag-
netic waves is a key issue not only in scientific research
but also for industrial applications in various inorganic
and organic materials processing methods. Microwaves
at a few gigahertz with a high power of up to several hun-
dreds of watts are practical energy sources from an eco-
nomical point of view. Conventional microwave plasma
sources guide microwaves to the plasma region in propa-
gation modes such as typical waveguide and surface wave
modes; this is partly because material processing requires
the uniform treatment of wafers larger than several cen-
timeters.
In recent decades, microplasmas smaller than several
millimeters have attracted significant attention1,2 be-
cause their electron density is fairly high and suitable
for the treatment of biomedical materials3 and the cre-
ation of nanoparticles.4 Some microwave sources that
have been proposed for microplasma generation are based
on intensified microwaves in resonant structures, such as
split-ring resonators,5 whose gap regions work as capac-
itors before plasma generation.6–8
In a recent study, our group demonstrated plasma ig-
nition in an electromagnetically induced transparency
(EIT)-like metasurface.9 EIT is a quantum interference
phenomenon that occurs in atoms interacting with elec-
tromagnetic fields,10,11 and various types of metasurfaces
and metamaterials that mimic EIT have been intensively
studied.12–22 An important feature of this EIT-like meta-
surface, which is composed of two types of radiatively
a)Electronic mail: tamayama@vos.nagaokaut.ac.jp
coupled cut-wire resonators, is the local electric field en-
hancement, which is stronger than that in a metasur-
face composed of only one type of cut-wire resonator
(Lorentz-type metasurface) because of the compression
of the electromagnetic energy density associated with the
low-group-velocity propagation. This implies that study-
ing EIT-like metasurfaces and metamaterials may lead to
the development of a useful method for plasma genera-
tion. Although plasma ignition in the EIT-like meta-
surface was demonstrated in our previous study, only
the differences between the transmission characteristics
of the metasurface with and without the plasma were
discussed. It has not been verified that the local elec-
tric field enhancement factor increases with decreasing
group velocity. Also, the electron density of the gener-
ated plasma has not been evaluated. These issues should
be clarified within the context of plasma physics, electro-
magnetic optics, and other related fields of study.
In this study, the dependence of the threshold incident
power for plasma ignition in the EIT-like metasurface and
the characteristics of the generated plasma on various pa-
rameters is investigated by measuring the transmittance
of the metasurface to clarify the above issues. The fre-
quency dependence of the threshold power for plasma ig-
nition reveals that the local electric field enhancement is
strongest when the group velocity is lowest. The pressure
dependence of the transmission spectrum of this metasur-
face with microplasma provides an insight into the nature
of the generated plasmas. The theory for enhancing a
local electric field used in this study can be applied to ef-
ficient generation of various nonlinear phenomena as well
as low-power ignition of plasma. In addition, the operat-
ing frequency of metasurfaces/metamaterials is scalable
by varying the size of unit cell. Therefore, efficient gener-
ation of plasma with any desired size would be achieved
2using this theory.
II. MICROPLASMA GENERATION IN EIT-LIKE
METASURFACE
This section briefly describes the theory behind the
generation of microplasma in the EIT-like metasurface
developed in our previous study.9 The unit structure of
the EIT-like metasurface used in this study is shown in
Fig. 1(a). The metasurface is composed of two types of
cut-wire resonators with slightly different resonance fre-
quencies. The resonance frequency of the cut-wire res-
onator is determined by the inductance of the metallic
pattern and the capacitance of the gap. The capaci-
tance of the cut-wire resonator on the left-hand side of
Fig. 1(a) is smaller than that on the right-hand side; thus,
the resonance frequency of the cut-wire resonator on the
left-hand side is higher than that on the right-hand side.
Hereafter, the resonators on the left- and right-hand sides
of Fig. 1(a) are referred to as resonators H and L, respec-
tively. These two resonators are arranged such that they
are coupled via a radiation mode.23,24 The distance be-
tween the two resonators is tuned such that the direct
coupling between the resonators vanishes.25 Assuming
that the electric susceptibility χe of the metasurface is
proportional to the sum of the charges qH and qL stored
in the gaps of resonators H and L, the electric suscepti-
bility is given by
χe ≈ −α(ω
2 − ω20 + iγ′ω)
(ω2 − ω20 + iγ0ω)2 − [(ω2H − ω2L)/2]2 + (γMω)2
,
(1)
where ω is the angular frequency of the incident elec-
tromagnetic wave; ωH and ωL are the resonance angular
frequencies of resonators H and L, respectively; γ0 repre-
sents the sum of the radiative and nonradiative losses of
each resonator; γM the radiative coupling; γ
′ = γ0 − γM
the power dissipated in each resonator that does not con-
tribute to the radiative coupling; α is a proportionality
constant; and ω0 =
√
(ω2H + ω
2
L)/2 ≈ (ωH + ωL)/2.25
Equation (1) is similar to the electric susceptibility for
EIT.10,11,26 A narrowband transparency window appears
in a broad absorption line. At the center of this trans-
parency window (ω = ω0), the value of dRe (χe)/dω is
largest, and hence the group index reaches a maximum.
A strongly enhanced electric field is induced in the gaps of
the cut-wire resonators owing to the enhancement of the
electromagnetic energy density associated with a large
group index.27,28 Assuming that γ′ ≪ γ0 is satisfied,
which implies that the radiative coupling between the
two resonators is strong, the group index and local elec-
tric field enhancement at ω = ω0 are maximized when
ωH − ωL ≈
√
2γ0γ′. The geometrical parameters shown
in Fig. 1 are defined such that this condition is satisfied.
In this case, ωH = 2pi× 3.059GHz, ωL = 2pi× 3.016GHz,
γ0 = 2pi × 920MHz, and γ′ = 2pi × 0.966MHz. At
ω = ω0 = 2pi×3.031GHz, the group delay is 91 ns, which
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FIG. 1. (a) Unit structure of the EIT-like metasurface. The
metasurface is made of aluminum with a thickness of 1.0mm.
(b) Photograph of the metasurface when microplasma is gen-
erated in the gap of resonator H. The outline of the structure
is marked by white solid lines. The inset shows the magnifi-
cation of the gap of resonator H.
corresponds to a group index of 2.7 × 104, and a local
electric field with an amplitude approximately 300 times
larger than that of the incident electromagnetic wave is
induced in the gaps of the resonators.
Figure 1(b) shows a photograph of the EIT-like meta-
surface in a rectangular waveguide with cross-sectional
dimensions of 34.0mm × 72.1mm when a continuous mi-
crowave of a certain power and an angular frequency ω0
is incident on the metasurface. (Because the walls of the
rectangular waveguide behave almost as periodic bound-
aries, a periodically arranged array of the unit cell is
equivalently realized by placing only a single unit cell in
the waveguide. Therefore, the fabricated structure can
be safely referred to as a metasurface.) A microplasma
is generated in the gap of resonator H because of the
strongly enhanced local electric field. As described in
Sec. IV, the incident frequency determines the gap in
which the microplasma is generated.
III. EXPERIMENTAL METHODS
Using the experimental setup schematically shown in
Fig. 2, we investigated the threshold incident power for
plasma ignition in the EIT-like metasurface and the char-
acteristics of the generated plasma. The EIT-like meta-
surface was placed in a rectangular waveguide with cross-
sectional dimensions of 34.0mm × 72.1mm. The waveg-
uide was placed in an acrylic vacuum chamber where the
pressure of the ambient air was reduced to pair.
In evaluating the threshold incident power for plasma
ignition, a signal generator and a spectrum analyzer were
used as microwave source and microwave detector, re-
spectively (Fig. 2). The power of the continuous mi-
crowave incident on the metasurface was assumed to be
equal to the output power P0 of the signal generator mul-
tiplied by the gain of the amplifier, which was 104.5. The
dependence of the transmittance on incident power was
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FIG. 2. Schematic of experimental setup. See main text for
details regarding the microwave source and microwave detec-
tor.
measured by sweeping the incident power up and down.
Here, the transmittance represents the power detected by
the spectrum analyzer divided by P0.
In examining the characteristics of the generated
plasma, a signal generator and a network analyzer were
used as microwave sources. The signal generator gen-
erated a high-power microwave for plasma generation,
and the network analyzer generated a low-power mi-
crowave (power incident on the metasurface: 0.16W)
for the evaluation of the transmittance of the metasur-
face. The former and latter microwaves are referred to
as the pump wave and probe wave, respectively. These
two waves were combined, amplified, and incident on the
metasurface. The pump power incident on the meta-
surface was assumed to be 104.2P0, as determined from
the gain of the amplifier (+45 dB) and the transmit-
tance of the combiner (−3 dB). The pump frequency
was fixed at 3.031GHz (= ω0/2pi). Under this condi-
tion, microplasma can be generated in the gap of res-
onator H, as described above and in Sec. IV. The trans-
mitted probe wave was detected by the network analyzer
to measure the transmittance, defined as the total trans-
mittance from the output port of the network analyzer
to its input port in this experiment.
IV. DEPENDENCE OF THRESHOLD POWER FOR
PLASMA IGNITION ON INCIDENT FREQUENCY AND
GAS PRESSURE
First, we present the measured results related to the
investigation of the threshold power for plasma ignition
in the EIT-like metasurface. Figure 3 shows the incident
power dependence of the transmittance of the metasur-
face for pair = 1.0 kPa at six different incident frequen-
cies. For every case, as the incident power increases,
transmittance first remains unchanged, discontinuously
drops when it exceeds a certain value, and then contin-
uously varies. The ignition of the microplasma occurs
in the gap of one of the cut-wire resonators when trans-
mittance diminishes discontinuously. This is because the
generation of microplasma causes the suppression of the
narrowband transparency window, to be discussed later
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FIG. 3. Power dependence of transmittance at pair = 1.0 kPa
and incident frequencies of (a) 3.028 GHz, (b) 3.029 GHz, (c)
3.030 GHz, (d) 3.031 GHz, (e) 3.032 GHz, and (f) 3.033 GHz.
The solid circles and open squares represent transmittance
when the incident power is swept up and down, respectively.
Lines are included purely to act as visual guides.
and shown in Fig. 5. The threshold power for plasma ig-
nition is lowest when the incident frequency is 3.030GHz
and 3.031GHz. The threshold increases as the incident
frequency varies from the transmission peak frequency of
3.031GHz. (The linear transmission characteristics with-
out plasma and minimum threshold power are slightly
different from those obtained in our previous study.9 This
is the result of a slight difference in position of the meta-
surface in the waveguide.) This implies that the local
electric field enhancement is strongest at the transmis-
sion peak frequency, at which the group index is largest.
The microplasma generation was observed immediately
near ω = ω0 and was not observed near ω = ωL or
ωH in this experiment, where the maximum power in-
cident on the metasurface was 16W. This is because
the local electric field enhancement factor at ω = ωL
and ωH is equal to that of the metasurface composed
of one type of cut-wire resonator. The ratio of the en-
hancement factor at ω = ω0 to that at ω = ωL and
ωH is approximately qL(ω0)/qL(ωL) ≈ qH(ω0)/qH(ωH) ≈
γ0/[2(ωH − ωL)] = 11. Therefore, microplasma can also
be generated near ω = ωL and ωH for an incident power
higher than 112 × 4W = 5 × 102W. Additionally, mi-
croplasmas can be generated simultaneously in both gaps
at around ω = ω0 for such a high-power microwave.
There exists an incident power regime in which the
transmittance is different when the power is swept up
and when swept down. That is, the power dependence
4has clear hysteretic properties. This arises from memory
effects resulting from residual charged particles, i.e., elec-
trons and ions. Before plasma ignition, electron-impact
ionization is very difficult because there is a lack of initial
electrons, and the threshold for ignition is high enough
to accelerate a very small amount of electrons to ionize
gases. In contrast, when plasmas exist and sufficient elec-
trons and ions remain in a given space, the plasma state
is easily sustained. Consequently, the minimum power
required to sustain plasma is different from the threshold
power for plasma ignition, and two values of the trans-
mittance exist for one input microwave power when the
incident power is between these two powers. In general,
such memory or time-lag effects are essential for nonlin-
ear dynamics.
The power dependence of transmittance at incident fre-
quencies 3.028GHz and 3.029GHz differs from that at in-
cident frequencies ranging from 3.030GHz to 3.033GHz.
This implies that microplasma is generated in resonators
L and H in the former and latter frequency regions, re-
spectively. This observation can be understood from the
fact that plasma ignition occurs in the cut-wire resonator
with the higher local electric field enhancement factor.
Equation (1) demonstrates that qL ≃ −qH is satisfied
at the transmission peak frequency. Because the capac-
itance of resonator H is smaller than that of resonator
L, the local electric field enhancement in resonator H
is stronger than that in resonator L at the transmis-
sion peak frequency; therefore, plasma ignition occurs
in resonator H. As the incident frequency increases (de-
creases) from the transmission peak frequency, |qH|/|qL|
increases (decreases), and the ratio of the local elec-
tric field enhancement factor in resonator H to that in
resonator L increases (decreases) because the incident
frequency approaches the resonance frequency of res-
onator H (resonator L). When the ratio of these field
enhancement factors is larger (smaller) than 1, plasma
ignition occurs in resonator H (resonator L). It has al-
ready been demonstrated that the transmittance of the
metasurface depends on the resonator in which the mi-
croplasma is generated;9 thus, plasma ignition occurs in
resonator L (resonator H) when the incident frequency is
less (greater) than fe, which is between 3.029GHz and
3.030GHz.
Figure 4 shows the frequency dependence of the thresh-
old power for plasma ignition at pair = 1.0 kPa, 3.0 kPa,
and 5.0 kPa. The threshold value is smallest at the trans-
mission peak frequency at every value of pair; thus, the
strong enhancement of the local electric field resulting
from the large group index is experimentally confirmed.
As the pressure is raised from 1.0 kPa to 5.0 kPa, the
threshold power for ignition increases. This dependence
is consistent with the Paschen curve. As described in
Ref. 29, the ignition voltage for direct current operations
reaches a minimum at pd ≈ 1Torr · cm for air, where p
is the gas pressure and d is the electrode distance. Usu-
ally, as the frequency of the applied voltage increases,
this minimum pd condition shifts toward lower pressures.
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FIG. 4. Threshold power for plasma ignition as a function of
incident frequency for pair = 1.0 kPa, 3.0 kPa, and 5.0 kPa.
That is, the conditions of the discharge space regulated
in the present experiment lies on the right-hand side of
the Paschen curve, where the ignition voltage increases
with increasing p.
V. DEPENDENCE OF MICROPLASMA PROPERTIES
ON PUMP POWER AND GAS PRESSURE
Next, we describe the results related to the investiga-
tion of the plasma properties. Figure 5 shows the trans-
mission spectra of the metasurface for the probe wave
at a pump power of 15.8W and pair = 1.0 kPa, 3.0 kPa,
and 5.0 kPa. The higher-frequency transmission dip be-
comes shallower and shifts to slightly higher frequencies
compared with that without the pump wave. This is be-
cause the transmission dips correspond to the individual
resonances of the two types of cut-wire resonators25 and
the real and imaginary parts of the effective permittivity
in the gap of resonator H decrease and increase, respec-
tively, as a result of the generation of microplasma. The
increase in the imaginary part also causes an increase
in γ′, which corresponds to a decrease in the transmit-
tance at the transmission peak frequency. This indicates
that transmittances near the resonance frequency and the
transmission peak frequency can be significantly varied
by varying the properties of the generated microplasma.
To evaluate the parameter dependence of the permit-
tivity of the generated microplasma, the transmission
spectrum of the metasurface was measured while vary-
ing the incident pump power from 15.8W to lower pow-
ers. Figure 6 shows the relationship between the center
frequency of the higher-frequency transmission dip and
the transmittance at that frequency at pair = 1.0 kPa,
3.0 kPa, and 5.0 kPa. As the pump power increases, the
shift to higher frequencies becomes larger, and the trans-
mission dip becomes shallower. This implies that the
real and imaginary parts of the permittivity decrease and
increase, respectively, with increasing the pump power.
Additionally, as pair increases, the ratio of the transmit-
tance variation to the frequency shift increases.
The above results can be understood by considering
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FIG. 5. Transmission spectra for the probe wave at an inci-
dent pump power of 15.8W and pair = 1.0 kPa, 3.0 kPa, and
5.0 kPa. For comparison, the transmission spectrum without
the pump wave is also shown as the thin light gray curve.
the dependence of the permittivity of plasma on the gas
pressure and electron density. The relative permittivity
of plasma is given by the Drude dispersion relation:
εr = 1−
ω2p
ω(ω + iγ)
, (2)
where ωp =
√
(e2ne)/(meε0) is the plasma angular fre-
quency, γ = σnN
√
(8kBTe)/(pime) the elastic-collision
angular frequency, e the electron charge, ne the electron
density, me the electron mass, ε0 the permittivity in a
vacuum, σ the elastic scattering cross section, nN the
neutral particle density, kB Boltzmann’s constant, and
Te the electron temperature. Equation (2) is reduced to
Im (εr)/[1 − Re (εr)] = γ/ω. Because γ is proportional
to nN, the ratio of Im (εr) to [1 − Re (εr)] increases with
increasing pair.
30 The numerator and denominator of this
ratio correspond to the transmittance variation and fre-
quency shift of the transmission dip, respectively; there-
fore, this observation qualitatively agrees with the results
shown in Fig. 6.
Finally, the electron density of the microplasma is
roughly estimated. The transmission spectrum of the
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FIG. 6. Relationship between the center frequency of the
higher-frequency transmission dip and the transmittance at
that frequency for pair = 1.0 kPa, 3.0 kPa, and 5.0 kPa. The
data points correspond to those in Fig. 8; see Fig. 8 for the
pump power at each point.
metasurface was calculated using the commercial finite
element software COMSOL Multiphysics, and the elec-
tron density was estimated by comparing the experimen-
tally and numerically obtained values of the ratio rt of
the transmittance at the transmission peak frequency to
that at the higher-frequency transmission dip frequency.
In this simulation, it was assumed that microplasma
was generated uniformly in the gap of resonator H, that
Te = 2 eV, and that σ = 20×10−16 cm2. The comparison
of experimentally and numerically obtained transmission
spectra for pair = 1.0 kPa are shown in Fig. 7. Here
the conductance of aluminum in the simulation, which
was set to 3 × 105 S/m, was determined such that rt for
ne = 0 cm
−3 in the simulation became closest to rt for
the case without the pump wave in the experiment. The
ratio rt decreases and the higher-frequency transmission
dip shifts to higher frequencies with increasing the pump
power (electron density) in the experiment (simulation).
This implies that the experimental observation is quali-
tatively reproduced by the numerical simulation. In this
study, if rt in the experiment is between rt for ne = ne1
and ne2 in the simulation, the electron density in the ex-
periment is estimated to be between ne1 and ne2. Figure
8 shows the pump power dependence of the electron den-
sity for pair values ranging from 1.0 kPa to 5.0 kPa. The
electron density increases with pump power and becomes
of order 1× 1010 cm−3 for a pump power of 15.8W. Note
that the electron density was estimated based on very
simple assumptions.
VI. CONCLUSION
The generation of microplasma in an EIT-like metasur-
face composed of radiatively coupled cut-wire resonators
was investigated in this study. The threshold power for
plasma ignition was lowest when the incident frequency
coincided with the transmission peak frequency. This re-
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sult is clear evidence that the local electric field enhance-
ment is strongest at the transmission peak frequency,
where the group index is maximized. The threshold
power increased with pair (≥ 1.0 kPa), indicating that the
experimental conditions in this study lay on the right-
hand side of the Paschen curve. A pump–probe mea-
surement revealed that the transmission peak and one of
the transmission dips were suppressed by the generation
of microplasma. The center frequency of the suppressed
transmission dip and the transmittance at that frequency
increased with increasing the pump power, and the ratio
of the transmittance variation to the frequency shift in-
creased with pair. This observation was qualitatively ex-
plained by the Drude dispersion relation of the permittiv-
ity of plasma. The electron density of microplasma was
roughly estimated to be of order 1×1010 cm−3 for a pump
power of 15.8W by comparing the measured and numer-
ically calculated transmission spectra of the metasurface
under assumptions that the plasma was uniformly gen-
erated in the gap of resonator H, that the electron tem-
perature was 2 eV, and that the elastic scattering cross
section was 20× 10−16 cm2.
This study yielded two significant findings. First, it
was demonstrated that microplasmas can be generated
by relatively low-power microwaves in metasurfaces with
a large group index. The threshold power for plasma
ignition can be lowered if the metasurface structure is
designed for a larger group index. This points to a
convenient method of generating microplasmas with a
high electron density. Second, it was shown that non-
linear and/or dynamic metasurfaces are realized using
microplasmas. Even a small change in the properties of
a microplasma causes a large change in the electromag-
7netic response of the metasurface, especially near its res-
onance frequency. This implies that metasurfaces with
plasmas can be used for advanced control of electromag-
netic waves, as described in previous studies.30–33 The
integration of studies on microplasmas and metasurfaces
would contribute to the development of plasma physics,
electromagnetic optics, and other related fields of study.
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